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A heat-resistant Pyropia yezoensis strain YZ-4 was isolated from the regenerated blades of single somatic
cells of the wild-type (WT) blades treated with 60Co-g-irradiation. When cultured at 23 C and 24 C, the
survival and division rates of the YZ-4 conchospores were signiﬁcantly higher than those of WT
(P < 0.01). After 16 days in culture the survival rates of YZ-4 conchospores were 71.2% and 60.8% at 23 C
and 24 C, respectively, and the division rates of the surviving conchospores were 100% in both cases.
Under the same culture conditions, the survival rates ofWT conchospores were only 16.9% and 11.5%, and
the division rate 99.8% and 81.8% respectively. The resistance of 50-day-aged F1 gametophytic blades of
YZ-4 to the temperature rebound was also signiﬁcantly higher than those of WT (P < 0.01). After 30 days
in culture at 18 C, 23 C and 24 C, the mean blade length increased by 8.5, 4.3 and 2.3 times in YZ-4 and
was only 3, 0.6 and 0.4 times in WT, respectively. The mean blade weight increased 191.9, 85.4 and 66.2
times in YZ-4, but only 78.2, 7.8 and 4.6 times in WT. On the 15th day WT blades began to decay, but no
decay was observed in YZ-4 blades even after 45 days in culture at 23 C and 24 C. The results obtained
indicate that YZ-4 has a higher resistance to higher temperature insults than WT and it might be of value
for commercial production of P. yezoensis.
© 2016 Shanghai Ocean University. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Pyropia yezoensis (Ueda) M.S. Hwang & H.G. Choi, is one of the
most lucrative marine algae due to its rich nutrition value. This
marine algae is natively distributed in the Northwest region of
Paciﬁc Ocean (Yarish et al., 1999), and is extensively cultured in
China, Japan and South Korea, with a proﬁt up to US $ 10 billion per
year (Yan, Liu, & Zhang, 2004). It has a dimorphic lifecycle con-
sisting of a microscopic sporophytic conchocelis and macroscopic
gametophytic blades that can be processed into food (Li, Zhu,& Liu,
1982, pp. 30e35). In China, P. yezoensis is mainly cultured in the
Jiangsu, Shandong and Zhejiang Provinces (Ma & Cai, 1996, pp.
12e13) with a production of approximate 25% of the total national
yield of cultivated Pyropia.ife Science, Shanghai Ocean
, Shanghai 201306, PR China.
an University.
ed by Elsevier B.V. This is an openScreening of improved cultivars is of signiﬁcant importance
for the development of Pyropia industry and therefore many ef-
forts have been made to establish improved cultivars for
P. yezoensis using genetic breeding approaches worldwide. In
1970s, Japanese researchers identiﬁed for the ﬁrst time sponta-
neous color-sectored blades of P. yezoensis (Miura, 1975), and
since then several pigmentation mutants have been established
(Niwa, Miura, Shin, & Aruga, 1993; Ohme, Kunifuji, & Miura,
1986). A new cultivar of P. yezoensis was produced by cross-
breeding the red and green pigment mutants (Miura & Shin,
1989), and many other pigment mutants with various improved
inheritable characteristics, such as thinner blades, higher con-
tents of major photosynthetic pigments, and faster growth rates,
were isolated and used in P. yezoensis cultivation (Xu, Fei, Zhang,
Zhu, & Shen, 2002, 2003; Yan, 1997, pp. 1e101; Yan & Aruga,
1997a, 1998b; Yan, Fujita, & Aruga, 2000). To date, most of the
studies on P. yezoensis have been focused on increasing the
knowledge of Pyropia genetics and screening improved cultivars
with high yields, however, little attention has been given to
enhancing the resistance of Pyropia to stress conditions, such as a
temperature challenges.access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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crops worldwide (Hall, 2000, pp. 59e93; Jones, New, Parker,
Mortin, & Rigor, 1999). Recently, we have conducted ﬁeld sur-
veys of P. yezoensis which showed that during the 1e4 weeks of
the conchospores germinating period, repeated temperature re-
bounds markedly inhibited the development of P. yezoensis
germlings in Nantong (Jiangsu Province) and that this leads to
large-scale blades decay and consequently a dramatic reduction
of yield. Therefore, it is of high importance to screen heat-
resistant strains of P. yezoensis for the development of nori
industry.
A variety of improved P. yezoensis strains with growth advan-
tages were previously obtained in our laboratory (Yan, Zhang, &
Huang, 2009; Zhang, 2008, pp. 1e48). The present study aims to
isolate a heat-resistant strain with high production yield from
improved strains.
2. Materials and methods
2.1. Isolation of Pyropia strains and cultures
The free-living conchocelis of the P. yezoensis wild type strain
(WT, LS-001) was developed from a carpospore released by a
gametophytic blade collected from a nori farm in Lvsi, Jiangsu
Province, China in 2001. The improved blades with higher growth
rates were selected from the regenerated blades from the somatic
cells of the gametophytic blades ofWT that were treated with 60Co-
g-irradiation, and their free-living conchocelis were obtained by
parthenogenesis (Zhang, 2008, pp. 1e48). The conchocelis of all
strains were maintained in MES-enriched culture medium (Wang,
Zhang, Xu, & Sun, 1986) under the same culture conditions as
described in Yan and Aruga (1997a).
2.2. Preliminary screening of heat-resistant strains
The 70-day-aged blades of WT 60Co-g-irradiated were cultured
at 18 C in the darkness for 24e48 h to recover, and subsequently
cultured at 25 C under 90 mmol photons m2 s1 (10 L: 14 D)
(Tseng et al. 1985, pp. 154e167) for 30 days. The surviving somatic
cells were enzymatically isolated from treated blades and regen-
erated into blades at 18 C under 50 mmol photons m2 s1 (10 L: 14
D). After 70 days in culture, blades with higher growth rates were
selected for further studies. Ten pieces of discs (0.4 cm in diameter)
were collected from each blade using a hole puncher and cultured
in a ﬂask (500 mL) with aeration at 23 C under 90 mmol photons
m2 s1 (10 L: 14 D). The length and width of the blade discs were
measured every 5 days during 30 days and the conchocelis were
established by parthenogenesis at 23 C.
2.3. Heat tolerance tests of somatic cells
A large number of somatic cells were enzymatically isolated
from the blades of WT and improved strain, and the released cells
were transferred equally into three Petri dishes (90  15 mm)
containing culture medium and were incubated at 18 C under
10 mmol photons m2 s1 (10 L: 14 D) for 24 h to settle down.
Cells in each Petri dish were observed under a light microscope
(10  ), cell number in forty randomly selected ﬁelds was
counted and the mean number of cells per ﬁeld calculated.
Subsequently, three dishes containing cells of the same strain
were separated and cultured for 15 days at three differenttemperatures (18 C, 23 C and 24 C, Lv et al., 2012, pp. 214e219;
Teng, Wang, Wang, & Wang, 2007) under 40 mmol photons m2
s1 (10 L: 14 D). The survival rates and division rates of cells were
recorded every 3 days. The medium was refreshed every 7 days,
and the culture conditions for blade regeneration were the same
as those used for the gametophytic blades growth.
2.4. Temperature rebound tests of regenerated blades
After being in culture at 18 C for 70 days, the somatic cells
isolated from the blades of WT and improved strain regenerated
into blades, were used to collect blade discs (0.4 cm in diameter)
using a hole puncher. Thirty blade discs of each strain were
collected and separated into three ﬂasks (500 mL) with 10 discs
each and were subsequently separately cultured at 18 C, 23 C
and 24 C under 90 mmol photons m2 s1 (10 L: 14 D) with
aeration. Every 5 days for a total period of 25 days medium was
replaced and the length and width of each blade disc were
measured.
2.5. Heat tolerance tests of germinating conchospores
The heat resistance of germinating conchospores was evaluated
using the same method as for the somatic cells described above.
2.6. Temperature rebound tests in F1 gametophytic blades
The released conchospores of WT and the improved strain
developed into F1 gametophytic blades at 18 C under 90 mmol
photons m2 s1 (10 L: 14 D). On the 50th day, thirty healthy blades
(3e5 cm in length) of each strain cultured at 18 C were separated
in three ﬂasks with ten blades each, and cultured at 18 C, 23 C and
24 C under 90 mmol photons m2 s1 (10 L: 14 D) respectively. The
length and wet weight of the blades were measured every 5 days
for 30 days. Medium was replaced every 5 days.
2.7. Absorption spectra analysis of the improved strain
In vivo absorption spectra of P. yezoensis gametophytic blades
showed ﬁve distinct absorption peaks, namely 1lmax, 2lmax, 3lmax,
4lmax and 5lmax ranging from 350 nm to 750 nm (Yan & Aruga,
1997a). Therefore, 5 absorption bands were identiﬁed in the
spectra due to the absorption of one or two of the major photo-
synthetic pigments, chlorophyll a (Chl. a), phycoerythrin (PE) and
phycocyanin (PC) in each band (Aruga & Miura, 1984).
After cultured at 18 C, 23 C and 24 C under 90 mmol photons
m2 s1 (10 L: 14 D) for 25 days, the in vivo absorption spectra of F1
gametophytic blades of the improved strainwere analyzed, and the
contents of major photosynthetic pigments in the blades were
quantitatively measured. In vivo absorption spectra and the con-
tents of chlorophyll a (Chl. a) were measured as described by Yan
and Aruga (1997a), and contents of phycoerythrin (PE) and
phycocyanin (PC) were measured using the method described by
Gao (1993) with modiﬁcations.
2.8. Statistic analysis of data
All date was expressed as mean ± standard error. The difference
between strains was analyzed by paired-sample t-test using the
SPSS 18.0 (IL, USA). P-values less than 0.05 and 0.01 were consid-
ered statistically signiﬁcant and highly signiﬁcant.
Table 1
Survival rates of somatic cells isolated from Pyropia yezoensis WT and YZ-4 blades cultured at 18 C, 23 C and 24 C for 16 days.
Days Survival rate (%)
WT YZ-4
18 C 23 C 24 C 18 C 23 C 24 C
4 55.8 ± 2.1 56.2 ± 1.0 49.7 ± 3.0 80.3 ± 1.7** 78.3 ± 0.9** 44.2 ± 4.0
7 52.7 ± 0.9 45.1 ± 0.4 38.5 ± 0.4 69.3 ± 1.4** 64.0 ± 3.0** 41.7 ± 1.0**
10 46.7 ± 0.7 42.4 ± 0.7 30.4 ± 1.4 62.0 ± 1.3** 38.7 ± 1.3** 37.3 ± 2.0**
13 45.8 ± 0.8 15.5 ± 0.5 15.0 ± 1.3 58.2 ± 2.4** 37.5 ± 0.6** 36.3 ± 0.8**
16 33.8 ± 0.6 15.0 ± 0.6 11.0 ± 1.8 53.5 ± 3.8** 35.7 ± 1.1** 32.8 ± 1.2**
Note: ** highly signiﬁcant difference (P < 0.01).
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3.1. Screening for heat-resistant strains
In this study, four improved strains (ros-2, YZ-4, T-17 and T-18)
were preliminary screened for heat resistance. At 23 C signiﬁ-
cant differences were observed in the growth of the blade discs
between the WT and the improved strains (Plate A-1). After 8
days in culture the discs of WT began to crimple and thicken, on
the 14th day decay and on the 20th day they died. Although the
blade discs of the ros-2 grew faster than those of WT, the edges
began to decay after 20 days and the decay is extended over time.
In contrast, the blade discs of the YZ-4, T-17 and T-18 strains were
more resistant and did not decay after 30 days in culture and
displayed highly signiﬁcant increases (P < 0.01) in the mean areas
of the blade discs when compared to those of WT, indicating that
they were more resistant to temperature increase (23 C). Among
the three heat-resistant strains, the blade discs of YZ-4 showed
the highest growth rate, suggesting that it has the highestTable 2
Division rates of somatic cells isolated from Pyropia yezoensis WT and YZ-4 blades cultur
Days Division rate (%)
WT
18 C 23 C 24 C
4 8.8 ± 0.3 8.8 ± 0.4 0
7 15.7 ± 1.9 11.6 ± 0.8 3.8 ± 3.3
10 25.7 ± 3.6 21.6 ± 3.7 12.4 ± 2.7
13 32.9 ± 5.0 28.2 ± 4.4 15.9 ± 2.1
16 53.7 ± 4.8 48.4 ± 3.3 42.3 ± 7.7
Note: ** highly signiﬁcant difference (P < 0.01).
Table 3
Mean length of blade discs of Pyropia yezoensis WT and YZ-4 strains cultured at 18 C, 23
Days Mean length (mm)
WT
18 C 23 C 24 C
0 4.0 4.0 4.0
5 7.0 ± 0.3 6.6 ± 0.5 6.2 ± 0.5
10 8.8 ± 1.1 8.0 ± 0.5 7.7 ± 2.9
15 11.0 ± 1.2 10.6 ± 3.0 9.7 ± 2.3
20 14.5 ± 4.1 9.9 ± 2.0 e
25 16.9 ± 9.3 e e
Note: “-” indicate that the discs decayed almost. * signiﬁcant difference (P < 0.05), ** higresistance to heat-stress. Therefore, YZ-4 strain was selected for
further studies.
3.2. Heat resistance of WT and YZ-4 somatic cells
The survival and division rates of the somatic cells isolated
fromWT and YZ-4 blades are shown in Tables 1 and 2, respectively.
After being in culture for 7 days, the survival rates of WT somatic
cells were 45.1% and 38.5%, and the division rate of the surviving
cells were 11.6% and 3.8% at 23 C and 24 C, respectively. Under
the same temperature culture conditions, the survival rates of YZ-4
somatic cells were 64% and 41.7%, and were 1.4 times (P < 0.01)
and 1.1 times (P < 0.01) higher than WT. The division rates of the
surviving YZ-4 somatic cells were also superior to those of WT and
were 33.7% (2.9 times, P < 0.01) and 15.2% (4 times, P < 0.01) at
23 C and 24 C respectively. After 16 days the survival rate of the
YZ-4 were 35.7% at 23 C and 32.8% at 24 C and were signiﬁcantly
higher (P < 0.01) than WT (15% and 11%, respectively). During the
same period, the division rate of YZ-4 surviving cells were 98.1%ed at 18 C, 23 C and 24 C for 16 days.
YZ-4
18 C 23 C 24 C
14.4 ± 1.3** 9.7 ± 1.4 0.3 ± 0.6
42.6 ± 2.7** 33.7 ± 2.0** 15.2 ± 2.4**
77.1 ± 1.9** 70.4 ± 1.6** 50.2 ± 4.6**
92.5 ± 1.6** 86.9 ± 1.1** 81.4 ± 1.6**
99.5 ± 0.7** 98.1 ± 0.3** 94.9 ± 0.7**
C and 24 C for 25 days.
YZ-4
18 C 23 C 24 C
4.0 4.0 4.0
7.1 ± 0.4 6.4 ± 0.3 6.3 ± 0.2
17.0 ± 1.3** 10.0 ± 1.1** 10.1 ± 1.1*
23.6 ± 2.0** 11.7 ± 1.1 11.4 ± 0.9*
32.1 ± 4.4** 12.7 ± 1.6** 12.5 ± 0.8**
36.9 ± 5.8** 13.9 ± 0.8** 13.2 ± 0.9**
hly signiﬁcant difference (P < 0.01).
Table 5
Division rates of conchospores of Pyropia yezoensis WT and YZ-4 strains cultured at 18 C, 23 C and 24 C for 16 days.
Days Division rate (%)
WT YZ-4
18 C 23 C 24 C 18 C 23 C 24 C
4 88.3 ± 10.6 62.9 ± 20.8 38.7 ± 8.2 94.9 ± 7.2** 86.4 ± 26.4** 75.7 ± 23.5**
7 92.4 ± 5.7 80.9 ± 10.6 52.8 ± 13.8 95.4 ± 10 91.7 ± 25.8* 97.6 ± 9.4**
10 98.1 ± 3.5 94.2 ± 6.4 64.4 ± 11.5 100** 100 ± 0.2** 98.7 ± 7.3**
13 98.1 ± 3.0 99.6 ± 1.6 67.4 ± 8.3 100** 100 99.3 ± 3.7**
16 100 99.8 ± 0.8 81.8 ± 11.9 100 100 100**
Note: * signiﬁcant difference (P < 0.05), ** highly signiﬁcant difference (P < 0.01).
Table 4
Survival rates of conchospore of Pyropia yezoensis WT and YZ-4 strains cultured at 18 C, 23 C and 24 C for 16 days.
Days Survival rate (%)
WT YZ-4
18 C 23 C 24 C 18 C 23 C 24 C
4 91.8 ± 1.8 57.5 ± 3.8 49.5 ± 13.2 95.2 ± 1.0* 94.1 ± 0.9** 90.4 ± 0.6**
7 87.1 ± 2.6 34.7 ± 0.5 36.4 ± 3.4 90.9 ± 2.0 83.4 ± 0.7** 82.1 ± 1.2**
10 84.8 ± 2.3 31.4 ± 1.0 30.7 ± 2.2 88.5 ± 1.5 77.9 ± 1.3** 70.2 ± 4.4**
13 83.3 ± 0.8 26.2 ± 3.0 20.8 ± 4.0 85.5 ± 0.7* 74.9 ± 2.1** 63.1 ± 0.5**
16 81.1 ± 0.7 16.9 ± 1.3 11.5 ± 2.1 83.0 ± 0.5* 71.2 ± 1.0** 60.8 ± 0.6**
Note: * signiﬁcant difference (P < 0.05), ** highly signiﬁcant difference (P < 0.01).
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(48.4% and 42.3%, respectively). It was also observed that the re-
generated blades from the somatic cells were regular in shape and
were bright in color when cultured at optimal temperature (18 C).
However, at high temperatures (23 C and 24 C), some of the
regenerated blades became abnormal in shape and deep in color,
the growth rates reduced and dead cells appeared even on the
blades of WT.
3.3. Heat resistance of the regenerated blade discs
As shown in Table 3, there were signiﬁcant differences in the
growth rates of blade discs betweenWT and YZ-4 when cultured at
18 C, 23 C, and 24 C respectively. When cultured at 23 C theWT
blade discs grew slowly, began to decay on the 9th day and ﬁnally
died 24 days later. At 24 C the cultured WT blade discs showed a
dramatic decrease in growth rate and began to decay on the 5th day
and died 20 days later. Comparing with theWT blade discs, the YZ-4
blade discs grew signiﬁcantly faster (P < 0.01) under the same
culture conditions and did not decay even after being in culture for
30 days at 23 C and 24 C.
3.4. Heat resistance of the germinating conchospores
Tables 4 and 5 showed the survival rates and the division rates
of conchospores released from the conchocelis of WT and YZ-4
strain. For WT conchospores, after being in culture for 10 days at
23 C and 24 C, the survival rates were 31.4% and 30.7%, and the
division rates of the surviving conchospores were 94.2% and 64.4%,
respectively. In contrast, under the same culture conditions, the
survival rates of YZ-4 conchospores were 77.9% and 70.2%, whichwere 3.6 times (P < 0.01) and 2.3 times (P < 0.01) higher than
those of WT. The division rates were 100% and 98.7%, which were
1.1 times (P < 0.01) and 1.5 times (P < 0.01) superior than in WT.
After 16 days, the survival rates at 23 C and 24 C in WT
decreased to 16.9% and 11.5%, while for YZ-4 were 71.2% and 60.8%
respectively. Meanwhile, the division rate at 23 C and 24 C were
both 100% for YZ-4 strain and 99.8% and 81.8% for WT strain
respectively. Both survival and division rates of the germinating
conchospores of YZ-4 were signiﬁcantly higher than those ofWT at
23 C and 24 C (P < 0.01), respectively. When cultured at optimal
temperature (18 C), conchospore germlings were regular in shape
and bright in color, whereas at higher temperatures (23 C and
24 C), some of the germlings became abnormal in shape and deep
in color with lower growth rates, and the WT germlings decayed
(Plate A-2-Plate A-9).3.5. Resistance of F1 gametophytic blades to temperature rebound
At 18 C, the F1 gametophytic blades of WT and YZ-4 grew
faster with normal morphology (Plate B-1, 4). The WT blades
matured after culture for 95 days (Plate C-1), but YZ-4 blades did
not (Plate C-4). After being cultured at 23 C and 24 C for 8 days,
the F1 WT gametophytic blades grew slower and began to crimple
and thicken. On the 13th day rhizoids grew irregularly from the
blades and the edges of the blades began to decay (Plate B-2, 3).
Forty ﬁve days later, the WT blades crimpled more seriously at
23 C and were completely dead at 24 C (Plate C-2, 3). Compared
to those at 18 C, the growth rates of WT blades cultured at 23 C
and 24 C were lower, however this was not statistically signiﬁ-
cant (Figs. 1 and 3). Comparison of the growth rates between WT
and YZ-4 F1 gametophytic blades showed that YZ-4 strain grew
Fig. 1. Mean length variation of the blades of Pyropia yezoensis WT strain at 18 C, 23 C
and 24 C for 30 days after 50 days in cultured at 18 C.
Fig. 3. Mean blade weights of Pyropia yezoensis WT strain at 18 C, 23 C and 24 C for
30 days after 50 days in cultured at 18 C.
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also thickened and became deep in color, they displayed a ﬂat
surface and show no decay (Plate B-5, Plate C-5), and the color
was fresh with shine. At 24 C, the F1 gametophytic blades of YZ-4
began to crimple and thicken, and became worse in gloss and
deep in color with reduced growth rates (Plate B-6, Plate C-6), but
no decay was observed. At 23 C the YZ-4 blades showed a
growth rate higher than at 24 C, but was lower than at 18 C
(Figs. 2 and 4). After being in culture at 18 C, 23 C and 24 C for
30 days, compared with the original values, the mean length
increased 8.5, 4.3 and 2.3 times in YZ-4, but only 3, 0.6 and 0.4
times in WT. In addition, the mean wet weight increased 191.9,
85.4 and 66.2 times in YZ-4, and only 78.2, 7.8 and 4.6 times in
WT. Comparison of the blades between WT and YZ-4 showed that
the mean length of YZ-4 were 5.2, 9.8 and 6.5 times of those in
WT, and the mean wet weight of YZ-4 blades were 22, 125.5 and
94.8 times of WT blades at 18 C, 23 C and 24 C respectively
(Figs. 3 and 4).Fig. 2. Mean length variation of the blades of Pyropia yezoensis YZ-4 strain at 18 C,
23 C and 24 C for 30 days after 50 days in cultured at 18 C.3.6. Variation of in vivo absorption spectra and content of major
photosynthetic pigments in YZ-4 strain at higher temperatures
After being cultured for 25 days at 23 C and 24 C, the in vivo
absorption spectra of F1 gametophytic blades of YZ-4 strain were
signiﬁcantly different from those cultured at 18 C, although all
of them showed ﬁve absorption peaks in the same form. Blades
that were cultured at 23 C and 24 C were characterized by
higher absorption peaks than those cultured at 18 C, and the
absorption peaks increased with the increase of the temperature
(Fig. 5).
Comparison of pigment content (Chl. a, PE and PC) among the F1
gametophytic blades of YZ-4 cultured at different temperatures
showed that the pigment content of the blades cultured at 23 C
and 24 C were higher than those at 18 C (P < 0.01), and pigment
content increased as the temperature rose. Compared with those
cultured at 18 C, the contents of Chl. a, PE and PC of YZ-4 blades
cultured at 23 C increased by 22.8%, 35.1%, and 29.3% respectively,Fig. 4. Mean blade weights of Pyropia yezoensis YZ-4 strain at 18 C, 23 C and 24 C for
30 days after 50 days in cultured at 18 C.
Fig. 5. In vivo absorption spectra of gametophytic blades of Pyropia yezoensis YZ-4
strain when cultured at 18 C, 23 C and 24 C for 25 days.
Fig. 6. Content (mg/g) of chlorophyll a (Chl. a), phycoerythrin (PE) and phycocyanin
(PC) in Pyropia yezoensis YZ-4 blades when cultured at 18 C, 23 C and 24 C for 25
days.
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and 92.7% respectively (Fig. 6).4. Discussion
The optimal temperature for conchospores release from con-
chosporangia in P. yezoensis is between 18 C and 20 C, whereas
the optimal temperature for blade growth decreases with the
development of the blades (Tseng et al. 1985, pp. 154e167). If
temperature of the seawater rose dramatically and persisted for a
long time, the growth of the blades would be inhibited and the
blades eventually decay, detaching off the net by sea waves, The
present study was carried out to screen for heat-resistant strains of
P. yezoensis to be potentially used by the nori industry. By irradia-
tion mutagenesis with 60Co-g and subsequent selections under
high temperature stress, a heat-resistant strain (YZ-4) of P. yezoensis
was obtained. Compared to the WT, YZ-4 displayed signiﬁcantly
higher survival rates and growth rates at 23 C and 24 C, and it did
not decay even after 45 days in culture.When continuously cultured at 23 C and 24 C for 16 days,
the survival rates of conchospores were only 16.9% and 11.5% for
those of WT strain and were 71.2% and 60.8% for those of YZ-4
strain, suggesting that the YZ-4 conchospores were more resis-
tant to higher temperature insults than those of WT. In addition,
the survival rates of both WT and YZ-4 conchospores decreased
with the increase of temperature, suggesting that high temper-
atures had an adverse effect on the survival of conchospores.
After being in culture for 30 days under high temperatures, the
conchospore germlings of WT did not survived, while a consid-
erable amount of YZ-4 germlings were still surviving and their
mean lengths reached approximate 1.4 cm and 0.5 cm 40 days
later.
The F1 gametophytic blades of theWT and YZ-4 strains showed
different responses to temperature rebound. After being trans-
ferred from 18 C to 23 C or 24 C, theWT blades began to decay in
less than 15 days, while the YZ-4 blades did not show any decay
during the entire observation period. On the 20th day after the
temperature switch, the mean length of WT blades cultured at
23 C and 24 C were only 48.1% and 38.9% of those at 18 C that
were 61.9% and 41.2% of YZ-4, respectively. After 30 days in culture
at the optimal temperature (18 C), the mean blade length of YZ-4
were 5.2, 9.8, and 6.5 times higher than those of WT, and the
differences at higher temperatures were more signiﬁcant. Addi-
tionally, the F1 gametophytic blades of WT strain became mature
and grew slower after the temperature shift, while YZ-4 blades
showed a sustained exponential growth rate without maturation.
These results demonstrated that not only the conchospores but
also the germlings of YZ-4 showed a higher resistance to higher
temperatures and that the blades are tolerant to temperature
rebound. Moreover, monospores were released from the blades of
WT and YZ-4 after cultured at 23 C and 24 C for 5 days. The WT
monospores could not germinate normally and died approxi-
mately 20 days later, while YZ-4 monospores developed into
germlings of approximate 1 cm long in 40 days of culture without
any decay.
The gametophytic blade of Pyropia usually has three major
photosynthetic pigments, chlorophyll a (Chl. a), phycoerythrin
(PE) and phycocyanin (PC). The contents of these pigments in
Pyropia blades are highly important in determining the quality of
commercial dried sheets ‘hoshi-nori’ for the nori industry (Aruga,
1974a, 1980b; Saitoh, Araki, Sakurai, & Oohusa, 1975). When the
culture temperature shifted from 18 C to 23 C, the three major
pigment contents of the F1 gametophytic blades of YZ-4 strain
markedly increased and this increase was more dramatic when
temperature shifted from 18 C to 24 C. During the same period,
the distinct absorption peaks of in vivo absorption spectra also
signiﬁcantly increased and exhibits a ﬁne biology character. This
suggests that at higher temperatures (23 C and 24 C), the
cells of the heat-resistant strain survived with the decrease of
the division rates, therefore the cellular contents such as
proteins accumulated and this leads to the increase of absorption
peaks.
The optimal temperature for the germination and division of
conchospores of P. yezoensis is 20 C, and for the germlings
development is between 18 C to 20 C. In contrast, the growth of
the gametophytic blades requires a lower temperature ranging
from 3 C to 5 C. Thus at higher temperatures (>22 C) the blades
of P. yezoensis grew slower and were prone to diseases and pre-
mature senility (Tseng et al. 1985, pp. 154e167). Over the past ﬁve
years, high temperatures had markedly disserved the survival and
growth of P. yezoensis, and reduced its yield along the coasts of
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areas. Due to sustained high temperature-induced heat stress
during the breeding time of P. yezoensis in autumn and the sub-
sequent temperature increase followed a gradual drop of the
temperature known as “small spring”, the blades of P. yezoensis
became weak and disease-prone, and ﬁnally decay and detach
from the net ropes, leading to a substantial reduction of the yield
(Yan & Ma, 2007). Therefore, it is urgent to screen improved heat-
resistant strains of P. yezoensis for the development of nori
industry.
To date, investigations on heat-stress and heat-resistance
had been mainly performed in crops (Gong, Luit, Knight, &
Trewavas, 1998; He, Liu, Chen, & Bian, 2002). For macroalgae,
Wang (2003, pp. 1e105) and Liu (2004, pp. 1e43) reported the
effects of heat-stress on the growth of Laminaria japonica;
Zhou, Wu, and Liu (2005) showed the application of b-carotene
hydroxylase in the selection of heat-resistant Pyropia; and Yan
and Ma (2007) reported the isolation of heat-resistant strains
of P. haitanensis with high growth rates by inducing mutations
in the blades.
In the present study, an improved strain (YZ-4) of P. yezoensis
was isolated. Not only its conchospores could germinate and
develop normally at higher temperatures (23 C and 24 C), but also
their germlings and blades when cultured at the optimal temper-
ature (18 C) showed high resistance to temperature rebound. The
YZ-4 strain could be used to establish a stable cultivar with high
heat-resistance suitable for the production of P. yezoensis in the
industry.
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Plate A. Blade discs of the wild type strain (WT) and improved strains (ros-2, YZ-4, T-17 and T-18) of Pyropia yezoensis cultured at 23 C, and the 70 d-aged blades of YZ-4 strain
cultured at 23 C and 24 C respectively, and the 23 d-aged conchospore germlings of WT and YZ-4 strains cultured at 18 C, 23 C and 24 C respectively. 1. Blade discs cultured at
23 C for 30 days: a, b.WT; c, d. ros-2; e, f. T-18; g, h. T-17; i, j. YZ-4; 2e3. The 70 d-aged blades of YZ-4 strain cultured at 23 C and 24 C respectively; 4e6, Conchospore germlings of
WT strain cultured at 18 C, 23 C and 24 C for 23 days respectively; 7e9. Conchospore germlings of YZ-4 strain cultured at 18 C, 23 C and 24 C for 23 days. Scale bars: 5 cm in 1,
1 cm in 2, 0.5 cm in 3, 50 mm in 4e6, 200 mm in 7e9.
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Plate B. Gametophytic blades of Pyropia yezoensis WT and YZ-4 strains cultured at 18 C, 23 C and 24 C for 25 days after 50 days in cultured at 18 C; 1e3. Gametophytic blades of
WT strain cultured at 18 C, 23 C and 24 C respectively; 4e6. Gametophytic blades of YZ-4 strain cultured at 18 C, 23 C and 24 C respectively. Scale bars: 2 cm in 1e3, 5 cm in
4e6.
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Plate C. Gametophytic blades of Pyropia yezoensis WT and YZ-4 strains cultured at 18 C, 23 C and 24 C for 45 days after 50 days in cultured at 18 C; 1e3. Gametophytic blades of
WT strain cultured at 18 C, 23 C and 24 C respectively; 4e6. Gametophytic blades of YZ-4 strain cultured at 18 C, 23 C and 24 C respectively. Scale bars: 2 cm in 1e3, 5 cm in
4e6.
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